Articular cartilage is an important and specialised tissue that increases joint congruence, protects the subchondral bone from high stresses and reduces friction at the edge of long bones.^[@r1],[@r2]^ The function of articular cartilage as a load-bearing tissue relies upon the maintenance and integrity of its extra-cellular matrix (ECM) and its arrangement of molecular components.^[@r3]^ The finely tuned dynamic equilibrium of healthy articular cartilage is maintained and tightly controlled by anabolic growth factors, cytokines, matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs). Uncoupling of the balance between synthesis and degradation leads to a slow progressive loss of the macromolecular components from the ECM and the eventual degradation of the articular cartilage tissue as typified by osteoarthritis (OA).^[@r4]-[@r6]^ The susceptibility of articular cartilage to progression towards OA is a consequence of its avascular nature and low capacity for self-repair following injury.^[@r7]^ The treatment of osteoarthritis and focal cartilage defects remains a challenging topic within the field of orthopaedics.

Osteochondral lesions, which involve both the articular cartilage and the subchondral bone, typically lead to the development of fibrocartilage that has different biomechanical properties from the native hyaline cartilage and does not protect the subchondral bone from further degeneration.^[@r8]^ Left untreated, osteochondritis dissecans (OCD) lesions can lead to the development of OA at an early age, resulting in progressive pain and disability.^[@r9]^ Currently available treatments for OCD lesions include debridement, microfracture chondroplasty, autogenous osteochondral transplantation (AOT)/mosaicplasty, and autologous chondrocyte implantation (ACI).

Microfracture chondroplasty consists of the penetration of the subchondral bone with the subsequent release of progenitor cells from the bone marrow cavity into the defect.^[@r10]^ Morphologically the progenitor cells resemble chondrocytes,^[@r11]^ but produce a fibrocartilaginous cartilage generally acknowledged to be mechanically and biochemically inferior to native hyaline cartilage tissue.^[@r12]^ AOT involves the transfer of autologous osteochondral grafts. Cylindrical plugs of hyaline cartilage are removed with underlying subchondral bone from an unaffected area and implanted into the chondral defect.^[@r10]^ Similarly, mosaicplasty involves the placement of multiple smaller autologous ostechondral plugs into a chondral defect, yielding a mosaic-like pattern. Medium-term results are variable but have shown success. Ollat et al^[@r13]^ investigated 142 patients receiving mosaicplasty for OCD lesions (mean size 2.29 cm^2^). At a mean follow-up of eight years, they reported a rate of patient satisfaction of 81.8% with significant improvements in subjective scores from baseline.^[@r13]^ Smaller defects and a shorter delay to surgery were found to be good prognostic factors. AOT/mosaicplasty is a single-stage procedure (Fig. 1), although there is potential donor site morbidity due to the harvesting of the osteochondral plug(s).

![Schematic of the autogenous osteochondral transplantation (AOT) procedure.](2000189-galleyfig1){#f1}

ACI comprises the isolation of chondrocytes from a small cartilage piece harvested from a low weight-bearing area of the knee joint, the expansion of the chondrocytes *in vitro* for two to three weeks, followed by their transplantation into the chondral defect with a covering periosteal patch (Fig. 2).^[@r10]^ This technique has been found to form new type II hyaline cartilage.^[@r14]^ A variation of the procedure involves the use of a matrix (matrix autologous chondrocyte implantation (M-ACI)). In this method, a chondrocyte-seeded biodegradable collagen matrix is implanted onto the defect site without the use of a periosteal flap.^[@r15],[@r16]^ At five years after M-ACI, patients were found to have complete integration with surrounding native cartilage on MRI and had improvement in the Lysholm score^[@r17]^ and visual analogue scale (VAS) for pain, but no difference in Tegner^[@r18]^ activity levels.^[@r19]^ Ten-year results after ACI showed cartilage filling of \> 50% of the initial defect in nine of 12 patients with moderate degenerative changes of the knee but with improved functional scores.^[@r20]^ ACI and M-ACI have demonstrated acceptable medium-term results but require complex manufacturing practices, are not necessarily cost-effective, and involve exposing the patient to multiple procedures for the harvest, culture, and subsequent implantation of cells.^[@r12]^

![Diagram of the autologous chondrocyte implantation (ACI) procedure. A sample of healthy cartilage is isolated and then expanded *in vitro* over two to three weeks. The chondrocytes are then implanted into the defect and covered with a periosteal patch.](2000189-galleyfig2){#f2}

Current treatments for OA treat the symptoms of the disease, and include conservative measures such as physical therapy, weight loss, non-steroidal anti-inflammatory drugs (NSAIDs), injections of corticosteroid or hyaluronic acid (HA), and total joint arthroplasty for end-stage OA. There are currently no available medical or surgical treatments that are curative or result in the repair or restoration of the damaged articular cartilage surface. Treatment strategies for degenerative articular cartilage disease and osteochondral defects remain a challenge. There have been a number of exciting new studies and techniques developed that aim to repair or restore OCD lesions and to treat larger defects or the entire articular surface. The aim of this review is to examine current research in the fields of cartilage regeneration, OCD treatment, and biological joint resurfacing, and report on the results of clinical and pre-clinical studies. We also aim to report on novel treatment strategies and their potential promise or pitfalls.

We searched MEDLINE, OVID, and PubMed (January 2010 to current) using the terms 'cartilage' and 'mesenchymal stem cells' with 'regeneration', 'repair', and 'engineering'. We also searched using the terms 'biologic joint resurfacing'. We focused on publications within the last three years, but did not exclude commonly referenced or highly regarded older publications. We also included publications from within the last five years if they were judged to be relevant. The search process was not limited to English-language articles. We also searched the reference lists of articles identified by our search strategy and selected those we deemed pertinent. Several review articles were included because they provided comprehensive and thorough reviews of the subject matter. The reference list was modified during the peer-review process on the basis of comments from reviewers. The general trend of current research involves the use of a scaffold or structure providing mechanical support with the addition of chondrocytes or mesenchymal stem cells (MSCs), or by using cell homing to differentiate endogenous cell sources into cartilage. This method is usually performed with scaffolds that have been coated with a chemotactic agent and relies on the organisms own endogenous cells to form new cartilage.

A phase II trial comparing M-ACI grown under bioreactor conditions with the microfracture technique showed significantly improved clinical outcomes in the M-ACI group at 26-month follow-up.^[@r21]^ The treatment of larger cartilage lesions has remained especially difficult. Vijayan et al^[@r22]^reported good to excellent clinical outcomes in 12 of 14 patients with large OCD lesions (mean size 7.2 cm^2^) using two M-ACI membranes with impaction grafting of the subchondral bone at a mean follow-up of five years.

An allograft adult cartilage product that was dessicated and micronised was placed into OCD lesions in rabbit and baboon models after microfracture, resulting in the formation of type II cartilage.^[@r23],[@r24]^ A juvenile allograft cartilage product has been developed that is being used to fill focal OCD lesions, especially as an adjunct to microfracture.^[@r25]^ Recently, sphingosine- and SDF-1-seeded polymer scaffolds were placed in a chondral defect in rat knees after microfracture and were found to produce hyaline cartilage.^[@r26]^ The sphingosine-seeded scaffolds and the SDF-1-seeded scaffolds each resulted in the filling of the OCD lesion with type II collagen, as well as the scaffolds seeded with both sphingosine and SDF-1. However, the combination of sphingosine and SDF-1 did not show greater cartilage regeneration than either sphingosine or SDF-1 alone.^[@r26]^

Another area of interest involves the use of mesenchymal stem cells that can be seeded onto scaffolds, used as surgical adjuncts, or used as stand alone treatments. MSCs have a capacity for self-renewal, self-maintenance, and a potential for differentiation into cells forming multiple mesodermal tissues including chondrocytes.^[@r27]^ Additionally, they can migrate toward injured tissues (homing/trafficking) where they display trophic effects. Nejadnik et al^[@r28]^ compared bone marrow-derived MSC (BMSC) implantation with traditional ACI in 72 patients and demonstrated no difference in clinical and subjective outcomes at 24 months follow-up. The BMSC implantation was advantageous because it only required one surgical procedure, with less donor morbidity and lower costs. The bone marrow aspirate was taken using local anaesthesia, the BMSCs were then cultured for four to five weeks and implanted underneath a periosteal patch in the same method as ACI. BMSCs on a platelet fibrin glue scaffold were used to treat OCD lesions in five patients, with three showing complete defect filling and complete surface congruity with native cartilage on MRI at 12 months. The remaining two patients had incomplete congruity.^[@r29]^ In 2011 Kasemkijwattana et al^[@r30]^ reported good defect filling and incorporation with the adjacent cartilage, and good repair tissue stiffness with the use of cultured BMSCs on a collagen scaffold in two patients with knee OA, and demonstrated significant clinical improvement. In another study, six patients with knee OA were given a single injection of BMSCs and showed improvements in pain and function at up to six months.^[@r31]^ MRI showed an increase in cartilage thickness and a decrease in the size of subchondral bone oedema in three patients (50%).^[@r31]^ Recently, BMSCs were seeded into a hydrogel scaffold and used to treat chondral defects in a porcine model.^[@r32]^ Defect filling of 99% was found at four months with 84% hyaline-like cartilage present.^[@r32]^

Bone marrow concentrate (BMC) has also been used to treat cartilage defects. OCD lesions in an equine model were treated with BMC injection and microfracture and demonstrated improved histological appearance and cartilage thickness than with microfracture alone.^[@r33]^ Giannini et al^[@r34]^ used BMC on a hyaluronic acid membrane to treat osteochondral lesions of the talar dome. They demonstrated similar clinical outcomes to ACI in 81 patients with the formation of hyaline like cartilage on histology on biopsy during second-look arthroscopy at one year. In another study, BMC was combined with a collagen matrix and used to treat OCD lesions of the knee in 15 patients.^[@r35]^ Hyaline-like cartilage was formed on biopsy and patients had improved subjective scores at two-year follow-up. A similar technique was used by Gigante et al^[@r36]^ in five patients with medial femoral condyle lesions. All patients had near-normal arthroscopic appearance but evidence of hyaline like cartilage was only found in one case.

Adipose-derived stem cells (ADSCs) combined with various scaffolds have shown promising results in the treatment of OCD lesions in rabbits.^[@r37]-[@r39]^ The injection of concentrated ADSCs together with HA, dexamethasone, and PRP in two patients resulted in improved pain and functional status at three months with MRI showing increased cartilage thickness.^[@r40]^ Koh and Choi^[@r41]^ described the use of concentrated ADSCs isolated from the infrapatellar fat pad for the treatment of knee OA in a case--control study in 25 patients. After debridement, patients received an injection of concentrated ADSCs and PRP with another two injections of PRP weekly. The control group received only debridement and the PRP injections. No major adverse events were reported using ADSCs. Clinical results at 16 months were not significantly different between the two groups, although the study group tended to have a greater degree of improvement.

Synovial-derived mesenchymal stem cells (SMSCs) are another possible source of stem cells for cartilage restoration because they display greater chondrogenic and less osteogenic potential than MSCs derived from bone marrow or periosteum,^[@r42]^ but only preclinical trials are available currently. A collagen/synovial cultured MSC construct with a periosteum flap was used in rabbits to treat full-thickness knee articular cartilage defects, with improved histological scores and integration with the native cartilage evidenced. Shimomura et al^[@r43]^ reported on a novel scaffold-free three-dimensional tissue-engineered construct that was derived from SMSCs and extracellular matrix synthesised by the cells after culturing *in vitro*. The construct was implanted in pigs with chondral lesions and resulted in significant tissue restoration with repair tissue noted to be similar to normal appearing cartilage. In 2011, a unique mechanism involving the use of magnetic-labelled SMSCs that were injected into rat knees in which a magnetic implant had been placed at the bottom of the chondral lesion was used.^[@r44]^ Improved histological scores were seen at 12 weeks with complete regeneration of articular cartilage.^[@r44]^

There are currently no clinical comparative studies focusing on different MSC sources and the optimal MSC source has not yet been identified. Additionally, the potential risks of MSC use have likely not been fully elucidated. However, MSCs do represent a promising approach for cartilage regeneration and for treating articular cartilage defects.

Saw et al^[@r45]^ developed a novel treatment approach and performed a randomised controlled trial in 50 patients comparing articular injections of autologous peripheral blood stem cells in addition to microfracture and hyaluronic acid injections *versus* microfracture and hyaluronic acid injections alone. At 18 months there was improved MRI morphology and histology scores, but no difference in IKDC knee scores.

Various new strategies are being developed with the aim of scaling up the size of engineered constructs that are currently more suitable for the treatment of smaller focal defects. Producing full-size engineered articular layers has been difficult due to the competing effects of nutrient transport and consumption.^[@r46]^ Several promising new strategies have been introduced. Lipid shelled microbubbles or microtubes have been used as porogens in hydrogel scaffolds and have been found to provide less resistance to solute diffusion and improved mechanical properties.^[@r47]-[@r49]^ Applied deformational loading has been used to influence fibre orientation during engineered cartilage production in order to achieve fibre alignment similar to that of native cartilage.^[@r50]^ Additionally, bioreactors that apply compression or rotation during the cartilage engineering process^[@r51]-[@r53]^ and different perfusion devices^[@r54]-[@r56]^ have been demonstrated. A new polymerised gel with a favourable biologic profile has been created. This polymerised gel could be used for the purpose of targeted drug delivery or targeted and sustained release of TIMPs.^[@r57]^

Recently, a polyester-polyurethane scaffold was developed that has significant porosity with a void content \> 95%.^[@r58]^ The scaffold is formed from diphenylmethane diisocyanate (MDI) and polycaprolactone (PCL) and polyglycolic acid (PGA). A polymerisation reaction between MDI and PCL/PGA is performed simultaneously with a blowing reaction that produces water and CO~2~, which results in a foam. The foam is then thermally reticulated to form a very porous structure. Different amounts of crosslinking resulted in the creation of scaffolds with degradation times ranging from four to 16 months. The degradation time of the scaffold can be controlled specifically by changing the amount of crosslinking during the manufacturing process. This attribute of the scaffold lends it to having many possible applications, as well as the increased porosity allowing for use in larger chondral defects. *In vitro* studies demonstrated the formation of cartilage when the scaffold was seeded directly with chondrocytes and when the scaffold was coated with SDF-1 and seeded with human BMSCs.

Focus has been placed on engineering hydrogels as cartilage substitutes. Hydrogels are biphasic materials that have properties similar to articular cartilage, and could support the growth and differentiation of cells into new cartilage. Hydrogels based on κ-carrageenan (κC), a thermoreversible natural-origin polymer, were combined with human ADSCs.^[@r59]^ The hydrogels were found to encapsulate the ADSCs and to support the growth and differentiation of cartilage *in vitro*. Recently, a biodegradable oligo(poly(ethylene glycol)fumarate) (OPF) composite hydrogel was used in a rabbit osteochondral defect model.^[@r60]^ This hydrogel was implanted with gelatin microparticles containing IGF-1, TGFβ-3, or a combination of the two. The gelatin microparticles support the sustained release of their contents, which can include a variety of growth factors or chemotactic agents. All groups that utilised hydrogels with incorporated growth factors had significant improvements in cartilage morphology and histological scoring after 12 weeks. In another study, hydrogels with TGFβ-3 releasing microspheres were seeded with progenitor cells derived from the infrapatellar fat-pad of the knee and cultured for 21 days.^[@r61]^ The hydrogels were made from fibrin, agarose, or gellan gum. All of the hydrogels with the incorporated TGFβ-3 were found to form significant amounts of cartilage. However, the fibrin hydrogels were found to be the least chondroinductive, and the gellan gum hydrogel had the most abundant cartilage production but the phenotype was more fibrocartilaginous.

A study of interest by Ousema et al^[@r62]^ reported on a uniquely prepared 3D woven poly-caprolactone scaffold seeded with BMSCs. Collagen and proteoglycan content and biomechanical properties were followed for eight weeks. The BMSC seeded scaffolds were divided into three groups. One group was placed in a solution with interleukin-1 (IL-1) medium at a concentration similar to that found in the synovial fluid of patients with OA, for a period of eight weeks. The second group was placed in a chondrogenic TGFβ-3 medium for eight weeks. The third group was placed in the chondrogenic medium for four weeks and then transferred to an IL-1 medium for the next four weeks. The scaffolds placed in the chondrogenic medium for eight weeks were found to have a Young's modulus equal to that of native hyaline cartilage. The group placed in the IL-1 medium for eight weeks had a significantly lower Young's modulus. The scaffolds that were initially placed in chondrogenic medium and then transferred to IL-1 medium had a significantly lower collagen and proteoglycan content than the scaffolds cultured in the chondrogenic medium for the full eight weeks, and had a slightly lower Young's modulus but the difference was not significant. This study highlights the deleterious effects that IL-1 can have on the formation of cartilage and provides some insight as to why*in vivo* results in patients with inflammatory synovial environments with IL-1 may not necessarily show the same results as *in vitro* studies.

A novel microscale three-dimensional (3D) weaving technique was used to create a woven scaffold structure that was then consolidated with a chondrocyte-hydrogel mixture.^[@r63]^ The construct was shown to possess compressive, tensile, and shear properties of the same order of magnitude as native articular cartilage. The unique production technique can be used to create 3D scaffold-cartilage constructs that mimic the contouring and shape of the normal joint. These structures could be potentially created and individualised to each patient based on their own specific anatomy, and could potentially be used to replace an entire articular surface. Additionally, the structures could support load bearing immediately while also providing the biological support for cartilage regeneration. However, the 3D woven scaffold structure has only been studied *in vitro* currently.

Lee et al^[@r64]^ reported the results of the biological replacement of the entire articular surface of humeral head in a rabbit model. The native humeral head was removed and a complete humeral head hemiarthroplasty scaffold was fabricated from poly-ε-caprolactone and hydroxyapatite by photolithography. The scaffold was loaded with TGFβ-3 and implanted in the same fashion as a prosthetic hemiarthroplasty is implanted. At four months the TGFβ-3 scaffold was fully covered with hyaline cartilage, with compressive and shear properties similar to native cartilage. The regenerated cartilage was avascular and integrated with regenerated subchondral bone. The non-TGFβ-3 scaffold had isolated cartilage formation with significantly less thickness and density than the TGFβ-3 scaffold.^[@r64]^ This novel technique is noteworthy for a variety of different reasons. First, the entire articular surface of the humeral head was replaced with new hyaline cartilage formed from the organism's own cell sources. This technique could be employed to treat large OCD lesions as well as for resurfacing a more widely and diffusely degenerative joint. Theoretically a biological joint replacement would not be subject to the wear of prosthetic implants or the risk of aseptic loosening. A number of questions arise: could the glenoid be replaced biologically as well? Can other joints be replaced, and how long could such a biological joint replacement last? Could this technique be used efficiently in humans in a joint that is deformed from its normal appearance, and would older patients make new cartilage on such a scaffold? The study by Lee et al,^[@r64]^ in which the entire surface of a joint was replaced using cell-homing and endogenous stem cell recruitment, highlights a promising technique that has substantial potential for application in the field of orthopaedics.

This systematic review discusses many new and exciting improvements in the field of cartilage regeneration and biological joint resurfacing. This work has been performed with the aim of replacing and regenerating larger chondral defects and even entire articular surfaces. The idea of a biological total joint replacement appears to have much potential. An integrated approach to cartilage regeneration will likely be a focus for the future (Fig. 3). We envision a treatment strategy for OCD lesions or focal OA that may involve microfracture with morphogenic or cellular augmentation, more practical and available osteochondral allografting, and possible implantation of a scaffold seeded with MSCs or chemotactic agents. The use of a targeted drug delivery system containing TIMPs or other molecules to induce an environment favourable to hyaline cartilage regeneration with the possible addition of a systemic agent may also play a role. The future of biological resurfacing procedures will likely involve a single stage point of service approach that is both cost-effective and minimally invasive.^[@r65]^

![Diagram showing an example of an integrated approach to cartilage regeneration combining a scaffold structure coated with a homing molecule with local and systemic chemotactic and chondrogenic agents (MMP, matrix metalloproteinase; MSC, mesenchymal stem cell).](2000189-galleyfig3){#f3}
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